Background Heart failure (HF) with reduced ejection fraction (HFrEF) has a worse prognosis than HF with preserved EF (HFpEF). The study aimed to evaluate whether different comorbidity profiles of HFrEF-and HFpEF-patients or HF-specific mechanisms contribute to a greater extent to this difference. Methods We linked data from two health insurances to data from a cardiology clinic hospital information system. Patients with a hospitalization with HF in 2005-2011, categorized as HFrEF (EF < 45%) or HFpEF (EF ≥ 45%), were propensity score (PS) matched to controls without HF on comorbidites and medication to assure similar comorbidity profiles of patients and their respective controls. The balance of the covariates in patients and controls was compared via the standardized difference (SDiff). Age-standardized 1-year mortality rates (MR) with 95% confidence intervals (CI) were calculated. Results 777 HFrEF-patients (1135 HFpEF-patients) were PS-matched to 3446 (4832) controls. Balance between patients and controls was largely achieved with a SDiff < 0.1 on most variables considered. The age-standardized 1-year MRs per 1000 persons in HFrEF-patients and controls were 267.8 (95% CI 175.9-359.8) and 86.1 (95% CI 70.0-102.3). MRs in HFpEFpatients and controls were 166.2 (95% CI 101.5-230.9) and 61.5 (95% CI 52.9-70.1). Thus, differences in MRs between patients and their controls were higher for HFrEF (181.7) than for HFpEF (104.7). Conclusions Given the similar comorbidity profiles between HF-patients and controls, the higher difference in mortality rates between HFrEF-patients and controls points more to HF-specific mechanisms for these patients, whereas for HFpEFpatients a higher contribution of comorbidity is suggested by our results.
Introduction
Heart failure (HF) ranks among the most common and severe diseases in industrialized countries [1] . It affects 2-3% of the adult population in the Western world, with an increase expected during the next years due to aging [2] . A recently published epidemiological study which was based on German healthcare claims data estimated an overall prevalence of 4% and an incidence of 655/100.000 (corresponding to 524.000 cases each year in Germany) [3] . Results from the same study also indicated, that despite the potential fatality of HF, less than half of all patients are treated according to recommended guidelines [4] .
Based on their ejection fraction (EF) and other echocardiographic findings, patients with HF are classified as having either preserved EF (HFpEF) or reduced EF (HFrEF). Since 2016, the European guidelines introduced also a third group with mid-range left-ventricular ejection fraction (LVEF 40-49%). However, studies conducted in the last years used varying thresholds to define HFpEF, with cut-off values ranging from > 40 to > 55%.
The epidemiology of HFpEF and HFrEF is well described. Risk factors for HF in general include age, male sex, obesity, hypertension and ischemic heart disease [5] [6] [7] . Heart failure is associated with high rates of mortality, ranging between 10% 1 month after incident diagnosis and up to 60% 5 years later [1, 8] . The proportion of HFpEF among HF-patients is frequently estimated at around 50%, although it varies between 33% and up to 84% across communitybased studies [9] . There is evidence for significant higher all-cause mortality rates in HFrEF-patients with as compared to HFpEF-patients [5, 10] . However, varying mortality rates have been reported for these subgroups, possibly also due to methodological differences between studies [11, 12] . Comorbidities are very common in HF [13, 14] , including arterial hypertension, which is present in 42-64% of HFpatients. Non-cardiovascular comorbidities such as chronic obstructive pulmonary disease [15, 16] , anemia [17] , and mental disorders are also common [18] . While recent studies have provided evidence of different underlying pathophysiological processes in patients with HFrEF and HFpEF [19] [20] [21] , it remains unclear, whether differences in mortality can be attributed to HF-specific mechanisms or to different comorbidity profiles in both subtypes of HF.
We aimed to compare mortality rates between patients with HFrEF or HFpEF and propensity score matched controls without HF but with a similar comorbidity profile to each HF subgroup, as well as similar age, gender and overall health. In addition, we directly compared the mortality rate between propensity score matched HFrEF-patients and HFpEF-patients with similar comorbidities, age and gender.
Methods

Study design
We conducted a retrospective cohort study of HF-patients hospitalized during the period 2005-2011 in the Clinic of Cardiology of the Oldenburg Hospital and followed them up to death, loss-to-follow-up or end of the study period. For comparison purposes, we identified patients hospitalized without HF during the same period in the region of the hospital (Lower Saxony and Bremen).
We used a deterministically linked data set comprising claims data from two German statutory health insurances (SHIs: AOK Bremen/Bremerhaven, AOK Niedersachsen) and the hospital information system (HIS) from the Clinic of Cardiology of the Oldenburg Hospital, mentioned above.
All analyses were based on the years 2004-2010 (with data from the AOK Niedersachsen), and from 2004 to 2011 (data from the AOK Bremen/Bremerhaven), respectively.
Study population
HF patients
All insurants with a hospitalization during 2005-2011 with a main or secondary HF discharge diagnosis as well as data available on EF as documented in the HIS were eligible for the study. HF was based on the following codes of the German Modification of the International Classification of Diseases 10th Revision (ICD-10-GM): (a) heart failure (I50.-), (b) hypertensive heart disease with (congestive) HF (I11.0-), (c) hypertensive heart and renal disease with (congestive) HF (I13.0-), (d) hypertensive heart and renal disease with both (congestive) HF and renal disease (I13.2-), or (e) other congestive HF codes from the Elixhauser comorbidity measure (I09.9-, I25.5-, I42.0-, I42.5-, I42.6-, I42.7-, I42.8-, I42.9-, I43-, P29.0-). The first hospitalization with a diagnosis of HF had to be preceded by a continuous 365-day insurance period (baseline period) without any HF-related hospitalization as documented in the SHI data. Cohort entry was defined as the date of the first hospital admission during which a HF diagnosis was documented. Cohort exit was defined either as the end of the insurance period, the date of death or the end of the follow up (31.12.2011 ). Depending on their EF rate, patients with HF were categorized as having HFpEF (EF ≥ 45%) or HFrEF (EF < 45%). An EF of 45% was chosen as cut-off point, since this was the cut-off used in recent large international RCTs in HFpEF patients (e.g. TOPCAT, I-Preserve [22, 23] ) and in lack of a commonly accepted standardized definition when our study protocol was developed. Overall, 2473 patients with HF diagnosis were identified in the HIS database, of whom 1986 had data on the EF available and were included in the final analyses.
Controls
Up to five controls were identified in the SHI data and PSmatched to each HFrEF/HFpEF patient. Controls had to meet the same inclusion and exclusion criteria as HF cases yet without any HF diagnosis during the first hospitalization, and during the 365-day baseline period preceding the hospitalization. Cohort entry for controls was defined as the date of the first hospital admission during the study period. Cohort exit for controls was defined either as the end of the insurance period, the date of death, an inpatient main or secondary discharge diagnosis of HF, a confirmed outpatient diagnosis of HF or the end of the follow up (31.12.2011).
Patient characteristics
Patient characteristics at baseline period for HF-cases and potential controls were ascertained preceding cohort entry. Comorbidities were identified using confirmed outpatient diagnoses as well as hospital main and secondary discharge diagnoses. Coding of cardiovascular and non-cardiovascular comorbidities of HF, diagnostic and therapeutic procedures as well as of medications used in the therapy of HF, are shown in supplemental Table S1 .
Propensity score matching
Two PS matched cohorts were built for the comparison between HF patients and matched controls. The PS was defined as the estimated probability of being HFpEF (or HFrEF) vs. not having HF, calculated for all HF patients and their potential controls by logistic regression analyses. The following independent variables were included in the model: sex, age at and year of cohort entry, all diseases of the Elixhauser comorbidity measure (excluding congestive heart failure), sleep apnea, stable angina pectoris, acute coronary syndrome, ischemic stroke, prior (12 months before cohort entry) percutaneous coronary intervention or coronary artery bypass graft, number of hospitalizations during the 365-day period, number of office visits to specialists for internal medicine, and the current medication (see Suppl. Table 1 for more details). A greedy matching strategy with 100,000 strata at the initial step was used to match HF patients to their potential controls [24] .
The balance of the covariates in patients with HF and their controls prior and after the matching was compared via the standardized difference (SDiff). The SDiff compares the difference in means in units of the pooled standard deviation and it is not influenced by sample size, which allows the comparison of the relative balance of variables measured in different units. A SDiff > 0.1 after the matching was considered imbalanced.
The PS matching was repeated for direct comparisons between patients with HFpEF and HFrEF. The PS was defined as the estimated probability of being HFrEF vs. being HFpEF. The same variables as for the other two PS matched cohorts plus the number of hospitalizations due to HF were used to calculate the PS. Since the populations of patients with HFpEF and HFrEF were of similar size, a 1:1 greedy matching was performed.
Statistical analyses
The mortality risk of HFrEF-/HFpEF-patients and controls were calculated by dividing the number of deaths during the study period by the sum of the person-times in each cohort. Confidence intervals (CIs) were estimated using the substitution method, assuming a Poisson distribution of the number of events. Age-standardized 1-year mortality rates were calculated separately for men and women, based on the German population as of 1st of January, 2010. CIs for the standardized mortality estimates were calculated according to the method proposed by Chiang [25] . As the main analysis of the study was the calculation of mortality rates in HFrEF and HFpEF patients and their controls in propensity score matched cohorts, the Cox regression mainly served as an exploratory analysis to quantify the influence of the single comorbidities on mortality and was therefore not adjusted for multiple testing. To determine factors associated with mortality, a Cox regression model of mortality was performed, including the following independent variables in each model: presence of HFpEF (or HFrEF), sex, age at and year of cohort entry, all diseases of the Elixhauser comorbidity measure (excluding congestive heart failure), sleep apnea, stable angina pectoris, acute coronary syndrome, ischemic stroke, hyperlipidemia, prior percutaneous coronary intervention, prior coronary artery bypass graft.
The Cox regression analysis was repeated for the PS matched cohort of patients with HFrEF and HFpEF. Further, Kaplan-Meier curves were generated to compare the survival rates of patients with HFpEF and HFrEF. A logrank test (p < 0.05) was used to test for differences in the survival curves. All analyses were conducted with SAS 9.3 (SAS Institute Inc., Cary, NC, USA).
Ethics
The approval of the study was based on the endorsement of the project by the SHIs and their responsible superior authorities based on § 75 of volume 10 of the German Social Code. Informed patient consent was not required. Two authors (OR, DE) had full access to all the data in the study and take responsibility for its integrity and the data analysis.
Results
Main analysis
Patient characteristics
For 1986 patients, data on the EF was available, with 811 (40.8%) patients having HFrEF and 1175 (59.2%) having HFpEF (for excluded patients due to missing data on the EF please see supplemental Table S2 ). Patients with HFpEF were older than those with HFrEF (73.8 ± 11.7 vs. 69.3 ± 12.7 years) and fewer were below 50 years among HFpEF patients compared to HFrEF (4.6 vs. 8.8%). Both subgroups had similar heart rates (HFpEF patients: 69.1 ± 16.9 beats per minute (bpm) vs. HFrEF patients:
64.7 ± 12.5 bpm) and body mass indices (HFpEF patients: 28.1 ± 7.8 vs. HFrEF patients: 29.0 ± 14.2). Mean EF in HFrEF patients was 32.1 ± 7.2 vs. 58.0 ± 9.4 in HFpEF patients. The distribution of the Elixhauser comorbidity measure was similar for patients with HFrEF (4.2 ± 2.5) and for patients with HFpEF (4.4 ± 2.4). For a full characterization of the study population please see supplemental Table S3 . In total, 37 patients (1.9%) were lost to follow-up due to other reasons than death. Hereof, 20 patients suffered from HFpEF (mean age 60.1 ± 17.7 years) and 17 were patients with HFrEF (mean age 55.4 ± 18.4 years.)
In the PS matched cohorts, 777 HFrEF-patients were matched to 3446 controls and 1135 HFpEF-patients were matched to 4832 controls. As shown in Table 1 , patients and controls were balanced in regard to demographics and comorbidities except for valvular heart diseases (both cohorts) and cardiac arrhythmias (HFpEF matched cohort) with SDiffs > 0.1. (The medication status of patients and matched controls can be seen in Supplemental Table 4 ). 
Mortality risks
The adjusted risks for mortality in patients and their respective matched controls are depicted in Table 3 .
Direct comparison between both HF groups
Patient characteristics
For direct comparisons between both HF groups, 680 HFrEF-patients with were PS-matched with 680 HFpEFpatients with (see Table 4 ). Both subgroups were well balanced with no SDiffs > 0.1 on any variable considered for PS matching. Table 5 shows the adjusted mortality risks of HFpEFpatients compared with PS matched HFrEF-patients. Higher age, the presence of chronic pulmonary disease other than COPD or asthma, diabetes, renal failure and peptic ulcer were associated with an increased mortality. Figure 1 shows the Kaplan-Meier curves for both heart failure disease entities. Among HFrEF-patients, the estimated survival probability dropped to 0.5 after 40 months, whereas for HFpEF-patients, it dropped to a minimum level of 0.52 after 64 months. The log-rank test statistic revealed significant differences between both entities (p < 0.001).
Mortality risks
Discussion
While it is well known that HF is associated with higher mortality rates, it remains unclear, whether patients with HF die due to the underlying HF condition or due to other contributing factors (e.g. comorbidities). Especially HFpEF is still a somewhat enigmatic syndrome, where, despite several clinical trials conducted, heart failure therapies as yet failed in showing convincing evidence to alter the natural history of disease. In fact, due to the high burden of comorbidities, treatment strategies, where clinicians target comorbidities, in addition to the underlying cardiac dysfunction, have been advocated as being particularly relevant for patients with HFpEF [26] . Thus, in the present study, we compared mortality rates among hospitalized patients with HFrEF, hospitalized patients with HFpEF and patients with similar comorbidity profiles but without HF diagnosis. In both HF groups we found substantially decreased survival rates compared to controls. This is in accordance with previous findings of higher mortality rates in HFpEF patients as compared to age-and sex-matched controls without HF in the community [8] . However, our analyses extend these findings since our comparisons were not only based on similar distributions of age and sex, but were also made between patients who additionally had similar comorbidity profiles, treatment regimens and parameters of general health. As the main finding of our study, the PS-adjusted mortality differences suggest that comorbidities have a higher impact in the mortality of patients with HFpEF as compared to patients with HFpEF (as further explained below). Our findings have several implications. First of all, the results underscore that HFrEF and HFpEF are severe conditions which are associated with substantial mortality. Second, all-cause mortality was higher in patients with HFrEF than in those with HFpEF. Thus our results confirm previously reported high mortality rates among patients with HFrEF and among patients with HFpEF [5, 10] . HFrEF patients revealed a substantially decreased life expectancy with 50% of patients having deceased after 40 months while in HFpEF patients 52% of patients were still alive after 64 months of observation.
Comparing the survival of HFrEF and HFpEF patients with their respective controls, who were similar with respect to sociodemographic characteristics as well as patterns of comorbidities and medications, the difference in mortality was more pronounced in HFrEF. In reverse, this suggests that comorbidity had a higher contribution to mortality in HFpEF patients than in those with HFrEF. This was also supported by the comparisons of the age-standardized 1-year mortality rates in HFpEF and HFrEF patients compared to their comorbidity-matched controls without HF. While the difference in the 1-year mortality rate between HFrEF patients and their controls was 182/1000 persons, it was only 105/1000 persons between HFpEF patients and their controls. This suggests a higher contribution of comorbidity to mortality in HFpEF patients as compared with HFrEF patients.
Several parameters confirmed our study sample to be representative for the population of HF patients attending to the hospital care sector. HFpEF occurred more frequently than HFrEF with proportions of 59.2% vs. 40.8%. This is in accordance with occurrence rates that have been previously described [10, 27] . Similarly, patients with HFrEF were more frequently male and of younger age than patients with HFpEF [10] . Also, our results are in agreement with previous findings regarding clinical characteristics of the included patients. Both subgroups of patients were highly comorbid, and the frequency of comorbidities were comparable to those reported earlier [28] [29] [30] , with arterial hypertension representing the most common one in patients with HF, being more frequent among patients with HFpEF than among patients with HFrEF. Moreover, the comorbidity profile of the patients in this study also fit well with figures obtained from previous epidemiological studies on HF that were based on healthcare claims data [3] . We also found high proportions of diabetes and elevated BMI in both subgroups of HF patients who had similar BMIs and with similar BMI [5] . Thus, regarding the sociodemographic and clinical characteristics, the study sample seems representative of the HF patient population in this care sector. Also, the results of a recently published study that was based on The Health Improvement Network (THIN) primary care database are comparable to our findings, with similar effects of hyperlipidemia, diabetes and renal impairment on mortality in patients with incident HF [31] .
So far, only few studies have investigated the differential associations between comorbidity patterns and outcomes in patients with HFrEF or HRpEF and were mostly restricted to one of both subtypes [32] [33] [34] [35] . The present study provides new insights by the inclusion of both HF subtypes and the direct and indirect comparison of the associated comorbidities. In addition, our study was based on a linked dataset combining detailed clinical data from the HIS with long follow up information and a comprehensive patient history from the health insurance data, which combines the advantages of using claims databases and hospital information for conducting epidemiological research. For the evaluation of the role of comorbidities in mortality among HF patients, we used a sophisticated PS matching approach that allowed us to generate comparison groups largely similar to the HF populations under study. In fact, we think that the novelty of our study is not inherent in the results-some of which were already known-but rather in the methodological approach that was developed to obtain them, and which has not been chosen before.
Yet some limitations should be kept in mind when interpreting our results. First, approximately 20% of patients were excluded due to lack of information on the EF, which might bear the risk of bias or non-random drop-outs. As information on the EF was lacking for these patients, the underlying form of HF remains unknown. Based on the age and gender distribution, the age might suggest a preponderance of HFrEF patients while the proportion of males would rather point to a preponderance of HFpEF cases. Importantly, however, taking the total Elixhauser score as well as the rates of its single entities among excluded patients into account, our data do not provide an indication that excluded patients had more or less comorbidities than included patients. Therefore a systematic sampling error due to the exclusion of Fig. 1 Estimated survival probability for patients with HFrEF/HFpEF these patients is unlikely. Also concerning the EF, it should be noted that our study was conceptualized before the EF boundaries for a third group with mid-range left-ventricular EF (40-49%) was established. Thus, this third group was not excluded in our analyses. When designing the study, we have deliberately chosen the presented cutoff of 45% as it had been used in various clinical trials then [9, 22, 23] , and even a recently published study relied on the same cutoff [36] . However, future studies that are based on health claims data should certainly consider this third group as well.
Further limitations refer to the nature of claims data as stored in the SHI data. Data on lifestyle-related factors, that might have an impact on the morbidity and mortality of the patients (e.g. smoking habits) are not stored in SHI data and thus could not be taken into account. The comorbidity profiles of our study population were ascertained by the presence of ICD-10-GM diagnoses, and the severity of comorbid diseases could not be disentangled, potentially leading to residual confounding. In this study, however, we tried to compensate this flaw by the comprehensive PS matching approach and by factoring in the medications of the patients under study. In this context, one could also object that putting all comorbidities into one single PS model does not reflect clinical reality by leading to a potential underestimation of the pathophysiological contribution of each single comorbidity to mortality. However, it should be noted that, although the comorbidities were all grouped together in the PS model, the single comorbidities were well balanced after matching with standardized differences equal or below 0.1 on all comorbidities considered, except for valvular heart diseases and cardiac arrhythmias, as was shown in the results. Thus, the possibly differing pathophysiological weights of the comorbidities can be regarded as being accounted for in this study, diminishing the clinical contribution of our data only marginally. Similarly, a further potential concern relates to the question of the external validity of the Elixhauser measure, since it rather factors in the mere presence of a comorbid disease but not its severity, which might of course vary among patients. While the Elixhauser measure has been repeatedly proven to be valid in the analyses of administrative data, especially when investigating mortality [37] [38] [39] , this still is a potential flaw. We have tried to compensate for this by not only including the ICD-10 codes but also medications into the model, which should have further decreased the risk that the considered groups in our study differed substantially regarding the severity of the comorbidities. Also, with reference to the limitations of our study sample, in an optimal study design control patients without HF would have been chosen among those, who were hospitalized in the very same hospital, to enable comparability regarding further parameters that are not explicitly stored in our database (e.g. socio-economic status). Yet since we are not able to identify unique hospitals in our database for data protection reasons, this factor could not be considered for the selection of our controls. However, we do not expect substantial biases given that the catchment area of the Oldenburg Hospital is very large and covers many regions in Lower Saxony and Bremen. To sum up, given the similar comorbidity profiles between HF-patients and controls, the higher difference in mortality rates between HFrEF-patients and controls points more to HF-specific mechanisms for these patients, whereas for HFpEF-patients a higher contribution of comorbidity is suggested by our results. Further studies are needed, especially taking further aspects (e.g. lab parameters, life-style related behaviour) into account.
